Introduction {#sec1}
============

Hydrogen has been considered as one of the most promising future carriers of renewable energy for powering electric vehicles and devices. Owing to the abundant water resources and the absence of any carbon-related side product, electrochemical water splitting is believed to be an ideal and sustainable process for hydrogen generation. Scalable and economical production requires electrocatalysts that cost less but retain as high activity as Pt.^[@ref1]^ Thus, in the last few decades, the identification of effective physical parameters that are relevant to catalytic efficiency had become important for the understanding of the micro hydrogen evolution reaction (HER) mechanism and the search for high-efficiency catalysts.^[@ref2]−[@ref14]^

Nowadays, the HER mechanism can be understood by three steps. Initially, the Volmer reaction transfer one electron to a proton to form adsorbed H on the catalyst surface (H^+^ + e^--^ + \* → H\*, where \* denotes the active centers and H\* is the intermediate). The desorbing of H~2~ can be achieved by either Tafel reaction (2H\* → H~2~ + 2\*) or Heyrovsky reaction (H^+^ + e^--^ + H\* → H~2~ + \*). Apparently, this is a two-electron transfer process with H\* as the only one reaction intermediate. Thus, the overall HER reaction rate is closely related to the bond strength between the intermediate and the active sites, which is the theoretical basement of the d-band theory.^[@ref8],[@ref9],[@ref15],[@ref16]^ Finally, a volcano-shaped form^[@ref4],[@ref7],[@ref17],[@ref18]^ is obtained by plotting the exchanged current densities with the hydrogen adsorption free energy (Δ*G*~H~) at the equilibrium potential. It states that the metal--hydrogen bond should not be too strong or too weak. If the binding is too strong, the desorption step (Heyrovsky or Tafel) becomes difficult and limits the overall reaction rate; if the binding is too weak, the adsorption (Volmer) step will be the predominant mechanism and rate-limiting step.^[@ref2],[@ref4],[@ref7],[@ref17],[@ref19],[@ref20]^ This has been commonly used as a "descriptor" for describing the hydrogen evolution activity and guiding the search of new catalysts. It should be noted that such a volcano-picture is based on the viewpoint of thermodynamics and overlook the kinetically determined barrier part.^[@ref21],[@ref22]^ This brings a lot of puzzles when merely using the descriptor Δ*G*~H~ ≈ 0 to evaluate the efficiency of a catalyst.^[@ref23]^ Therefore, the kinetics part of the reaction which is governed by the transition state with the highest free energy should be taken into consideration when an overpotential is applied.^[@ref24]−[@ref26]^ However, the hydrogen binding energy near the equilibrium still provides an important indication for the searching of HER catalysts with high performance.

A further investigation of the traditional volcano plot found that both the adsorption energy and the metal--hydrogen bond strength can be related to simple physical descriptors such as work function^[@ref4],[@ref10]^ and d-band center^[@ref8],[@ref9]^ or d-band shape^[@ref16]^ of catalysts. Because both the work function and the d-band center are physical parameters that are strongly dependent on the electronic structure, the efficiency of the catalyst should be understood from fundamental electrical properties. Though the chemical reaction of HER happens on the surface, the surface itself is strongly dependent on the bulk band structure. For example, the electrochemical performances of some catalysts are naturally much better than others, regardless of their morphology, defects, or even mass loading. Pt is such a catalyst with high intrinsic activity.^[@ref4]^ Moreover, strategies such as introducing defects, doping, nanostructuring, and coupling with graphene^[@ref19],[@ref27]−[@ref29]^ could optimize the catalytic centers efficiently and boost the catalytic activities by orders of magnitude. In the last decade, with the observation of some high efficiency catalysts in topological materials,^[@ref30]−[@ref34]^ lots of efforts had been devoted to understanding the topological effect. It is believed that topological materials should be good candidates as high efficiency catalysts because of their robust surface states and high mobilities caused by linear band crossing. Very recently, the best catalyst Pt was proposed to be a *Z*~2~ topological semimetal,^[@ref35]^ which implies the possible relation between topological band structure and catalysis. However, it was also found that the catalytic efficiencies of the other similar *Z*~2~ topological semimetals,^[@ref35]^ such as Pt's neighbors Au and Ag, are inferior to Pt. Therefore, the quantum topological invariant would not be a good descriptor that connects the catalytic efficiency and topological band structure, and some noninteger quantities that can describe more details are needed when considering the intrinsic bulk band structure. This inspired us to think about the possibility of extracting an intrinsic physical parameter from the bulk electronic structure that is strongly related to the catalyst performance. In this work, we defined a parameter that only depend on the intrinsic electronic structure of an ideal bulk single crystal, and this parameter has a good linear relationship with the exchange current densities. This work may provide an effective way to understand the catalysis from fundamental intrinsic physical parameters of bulk electronic structure.

Our motivation is schematically shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The HER occurs at the surfaces of catalysts, which are generally loaded on the cathode of the electrochemical system. Electrons are first injected into the catalyst, which then populates the valence band up to the highest occupied molecular orbital (HOMO, Fermi level). With a negative potential applied on the cathode, the electron energy can be governed and raise the Fermi level above the lowest unoccupied molecular orbital (LUMO) of the adsorbates (H^+^). Thus, electrons can flow into the empty orbitals on H adsorbates and the reduction process (Volmer step) takes place. With this in mind, we can conclude that besides chemical stability and economical consideration, a good HER catalyst with high catalytic performance is controlled jointly by various physical characteristics, including electrical conductivity, carrier velocity, carrier mobility, adsorption energy, and so forth.^[@ref36],[@ref37]^ All these physical parameters are decided by electronic structures. Because the surface is smoothly connected with bulk, the surface states (both topological surface states and dangling bonds) are originally decided by the bulk electronic structure in some sense. The effect of the bulk structure to the other physical properties are normally separated into two contributions, Fermi surface and band entanglement. The Fermi surface contribution depends on lots of details, such as impurities, defects, scatterings, and so forth. In comparison, the band entanglement is a pure intrinsic contribution that only depends on the ideal band structure of a pure single crystal. Thus, it should be robust as long as the crystal structure is clean enough. Our goal in this work is to obtain a pure intrinsic bulk parameter that might be related to the catalytic process through exchange current density.

![Motivation of this work. There is an assumption that the HER catalytic process is decided by the combined effect of electronic conductivity, carrier density, carrier mobility, adsorption energy, and so forth. The effects of the electronic structure can be classified into two groups: bulk and surface contributions. The bulk contribution mainly depends on the band entanglements and Fermi surface.](cs9b05539_0001){#fig1}

Results and Discussion {#sec2}
======================

Among the intrinsic parameters in solid-state crystals, the Berry phase and the Berry curvature of the electronic wave function have their special positions. They have a profound effect on topological and electrical properties in materials that are related to the carrier density, velocity, mobility, and so forth.^[@ref38]^ The natural advantage of the Berry phase should make it an acceptable candidate to analyze the intrinsic effect of the electronic structure in the catalyst. However, because the Berry curvature is odd with respect to time reversal symmetry and even with respect to space inversion symmetry, there is no Berry phase (integral of Berry curvature across the whole reciprocal space) in the nonmagnetic system. Thus, the Berry curvature is forced to be zero at any point in a system with time reversal and space inversion symmetry.^[@ref38]^ Because most of the HER catalysts are nonmagnetic compounds (such as the transition metals) with the highly symmetrical crystal structure, the strict symmetry requirement of the Berry phase strongly limits their application in catalysts.

From the definition of the Berry curvaturein which *v*~*i*~ (*i* = *x*, *y*) indicates velocity operator and \|*nk⃗*⟩ is the eigenvector of the Hamiltonian *H* with the eigenvalue *E*~*nk⃗*~, it is easy to find the important characteristic that the size of the Berry curvature can reflect the strength of entanglements of the states at different bands and transversal current. Therefore, we can try to extract another parameter from the Berry curvature that satisfies the requirement to reflect these two properties and even with respect to a time reversal symmetry. With this target, we defined the new parameter aswith *v*~*x*~′ = {*pv*~*x*~} and . Through the project operator *p*, only half of the wave function is used. [Equation [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} becomes even with respect to time reversal operation, but it can still reflect the band entanglements and transversal carrier current. Analogous to the ordinary Berry curvature, we call *F*~*xy*~ and the module of the integral γ = \|∫~*k⃗*~*F*~*xy*~(*k⃗*)d*k⃗*\| as the projected Berry curvature (PBC) and projected Berry phase (PBP), respectively.

As a fundamental understanding, we would like to choose all the well-known transition-metal catalysts as the objects in this work. To see the possible correlation between the PBP and the efficiency of the catalyst, we collected the exchange current densities of HER of all the nonmagnetic catalysts among transition metals. The summarized exchange current densities are given in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a as a function of metal--hydrogen bond strength, which behaves like the famous volcano-type picture. Following [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, the ab-initio calculations of the PBP were performed for all the selected transition metals. The source of the exchange current densities used here and the calculation details can be found in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscatal.9b05539/suppl_file/cs9b05539_si_001.pdf). It can be seen roughly that the catalyst with a large PBP sits on the top position of the volcano plot. Further, a good linear relation between the exchange current density and the PBP is found after considering the symmetry constraint.

![(a) Well-known volcano-type plot of exchange current density (logarithm form) for HER as a function of metal--hydrogen bond strength for the collected experimental data from the literature.^[@ref4],[@ref39]−[@ref41]^ Plot of (b) PBP vs the exchange current density (logarithm form) and (c) PBP vs the work function^[@ref4],[@ref42]^ for HER have a good linear relation for the selected data after considering symmetry constraint. All the collected elements can be classified into three space groups. The red, blue and green circles in (a--c) represent space groups *P*6~3~/*mmc* (no. 194), *Fm*3̅*m* (no. 225), and *Im*3̅*m* (no. 229), respectively. (d) Fermi-energy-dependent PBP for the three transition metals Pt, Au, and Pd. (e,g) The comparison of energy dispersion for (e) Pt and Au, and (g) Pt and Pd. (f,h) The comparison of PBC distribution along high symmetry lines for (f) Pt and Au and (h) Pt and Pd. The red, blue, and green curves in (d--h) represent Pt, Pd, and Au, respectively.](cs9b05539_0002){#fig2}

As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a--c, all the selected transition metals can be classified into three space groups *P*6~3~/*mmc* (no. 194), *Fm*3̅*m* (no. 225), and *Im*3̅*m* (no. 229). For the selected elements in each space group, PBP and HER exchange current have a good linear relation, see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b. Although the strictly mathematical logic is not clear so far, the linear relation should not be an accidental result. It reflects an important relation between transversal current and surface chemical reaction. From [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b and the linear fitting formulas eqs S4--S6 in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscatal.9b05539/suppl_file/cs9b05539_si_001.pdf), one can see that the slopes of the HER exchange current to the PBP are different for each space group, which implies that the crystal structure plays an important role in the understanding of catalysis. The experimental measurements are strongly dependent on the details of the environment, which will introduce unexpected extrinsic effects. The fixed slope for a given space group illustrates that the extrinsic contributions should be similar to the transition metals in the same group. Meanwhile, the difference of each slope implies that the details of extrinsic contributions also vary among different groups.

Besides the metal--hydrogen bond strength, the catalytic efficiency can be also described by the work function and the d-band center. Therefore, PBP and work function (or d-band center) should follow a similar relation. Taking the work function as an example, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c shows the PBP as a function of collected work functions from experimental studies. As expected, the relationship between PBP and work function is still a linear relation for all three groups. Because the work function is strongly dependent on the location of the Fermi energy, we can expect more information about PBP after taking the Fermi level into consideration.

In order to explore the Fermi energy effect, we compare the energy-dependent PBP of the adjacent elements with only one electron difference. Because Pt is believed to be a state-of-the-art catalyst, we take Pt and its neighbor Au, which is considered to be a poor catalyst from both experimental and theoretical points of view, as an example.^[@ref4]^ From the PBP which is a function of the Fermi energy and shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d, one can easily see that the Fermi energy-dependent PBP for Pt and Au almost share the same shape, only with a shift of one electron in the energy space.

Because there is only one electron difference for Au and Pt, the band structure of Au can almost overlap with Pt after shifting the Fermi level about one electron, as presented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e. Because of the difference of the band structure at the Fermi level, the distributions of PBC are completely different. Owing to the strong band entanglement induced by a small band gap around the Fermi level, the PBC of Pt forms peaks around the high symmetry points of *X* and *L*. However, the strong band entanglement does not exist anymore after shifting the Fermi energy. This will lead to the almost disappearance of the peak values in Au (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f). The huge difference of PBC distribution in reciprocal space is directly caused by the difference of the PBP after calculating the integral. Therefore, the effect of the chemical potential location is consistent with the d-band center and the work functions.

In addition to the location of chemical potential, we also find some other parameters that can influence the magnitude of the PBP. These parameters can be qualitatively identified by a comparison between two elements in the same column with the same space group. For convenience, we also take Pt as an example. The other element is its neighbor Pd in the same column. From [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d, we can see that the PBPs of Pt and Pd both have peaks and share the same trend around the charge neutral point. This similarity should be a result of a similar chemical environment of their shell electrons.

To observe their similarities and differences, we also compare their energy dispersion and PBC along the high symmetry lines. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}g, Pt and Pd have similar energy dispersions around the Fermi energy. However, owing to the difference of spin--orbit coupling strength, atomic diameter, and some other details, there are some tiny differences in their energy dispersions. Therefore, Pt cannot overlap with Pd nor Au with a shifted Fermi level. These tiny differences result in the differences of PBC distribution in reciprocal space. Owing to the strong band entanglement which is induced by a small band gap, both Pt and Pd show peaks in PBC around the high symmetry points *L* and *X* (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}h). Furthermore, almost all the peaks of PBC in Pt are positive, whereas Pd displays a negative peak around the *X* point and the widths of these peaks are relatively narrow when compared with Pt. The differences of PBC distribution lead to a small peak in PBP for Pd, which is also in agreement with the difference of the catalytic efficiency for Pt and Pd.^[@ref4]^ Although the shell electrons of the elements in the same column of the periodic table have a similar chemical environment, the difference of spin--orbit coupling strength and atomic diameter have a strong influence on their intrinsic contributions.

After establishing the linear relation between exchange current density and PBP, one can try to expect the catalytic efficiency via the PBP with the symmetry constraint. Because Pt is the best catalyst as is known, we use the space group *Fm*3̅*m* as the example to show the possible candidates of HER catalysts. First of all, the PBP values γ of the compound with space group *Fm*3̅*m*, whose structures are downloaded from the Inorganic Crystal Structure Database (ICSD, <http://www2.fiz-karlsruhe.de/icsd_home.html>),^[@ref43]^ are calculated with the same method. Setting the γ values of these aim compounds as the input, we can get the exchange current densities (purple dots in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) using eq S6 in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscatal.9b05539/suppl_file/cs9b05539_si_001.pdf). From the comparison, one can easily see that the record of Pt is not broken even after scanning all the compounds, which also illustrates the fact that Pt is the most popular HER catalyst. In the end, we find some good candidates between Pd and Pt. If these compounds are chemically stable, we can expect good catalytic efficiency from them.

![Theoretical result (purple hollow dots) of PBP vs exchange current density for the compounds with space group *Fm*3̅*m*. Solid blue points are obtained from the references listed in Table S2 of [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscatal.9b05539/suppl_file/cs9b05539_si_001.pdf). The blue dot line is the fitting model in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b. The red solid points are experimental results in our work. Pt~7~Cu is the superlative one and has been verified experimentally.](cs9b05539_0003){#fig3}

To confirm the validity of the prediction based on the proposed descriptor, a candidate of cubic Pt~7~Cu that may carry a large PBP was synthesized and assessed as the HER catalyst. As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, the Pt~7~Cu catalyst was deposited on carbon paper directly by a solvothermal method (experimental details can be seen in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscatal.9b05539/suppl_file/cs9b05539_si_001.pdf)). SEM images shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a revealed that the obtained products were mainly well-dispersed nanoparticles. The phase and crystallinity of the as-prepared Pt~7~Cu catalyst were verified by powder X-ray diffraction (XRD) in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b. The diffraction pattern of the product is in good agreement with those of a standard calculated fcc Pt~7~Cu structure (mp-12608 from [materialsproject.org](http://materialsproject.org) and Figure S1 in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscatal.9b05539/suppl_file/cs9b05539_si_001.pdf)). The absence of XRD reflections at 43.3° and 50.4° for cubic Cu metal and 39.2° and 45.6° for cubic Pt metal signified the successful insertion of Cu in the Pt lattice. This is further confirmed by the energy-dispersive spectroscopy (EDS) analysis, which suggests a ratio of Pt to Cu closing to 7 ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c).

![(a) SEM images of the Pt~7~Cu catalyst deposited on carbon paper. (b) X-ray powder diffraction pattern of the as-prepared sample. No peaks belonged to metal Pt and Cu are observed. (c) EDS spectrum of the catalyst. The red line was recorded on the carbon paper, while the blue line is obtained from the powder sample. (d,e) HER polarization curves and the corresponding Tafel slopes of the Pt~7~Cu and Pt/C catalysts. (f) Capacitive current densities as a function of scan rate for Pt~7~Cu and Pt/C catalysts. (g) Comparison of TOF values of the Pt~7~Cu and Pt/C with other recently reported benchmarks HER electrocatalysts.](cs9b05539_0004){#fig4}

HER performance of the Pt~7~Cu catalyst was explored carefully in 0.5 M H~2~SO~4~ solution and compared with the commercial 20% Pt/C catalyst. The equilibrium potential of the HER is obtained by using the Nernst equation before the data analysis, which is determined to be −0.01 V in our working conditions (details can be seen in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscatal.9b05539/suppl_file/cs9b05539_si_001.pdf)).^[@ref44]^ The potential of the Ag/AgCl reference electrode is calibrated before usage. The pH value of 0.5 H~2~SO~4~ is about 0.2. As exhibited in the HER polarization and Tafel analysis curves ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d,e), the Pt~7~Cu catalyst showed a very small overpotential of 56 mV at a current density of 10 mA cm^--2^ along with a Tafel slope of only 49.8 mV dec^--1^. The overpotential for the Pt/C catalyst to deliver the same current density is 29 mV with the value of Tafel slope as low as 27 mV dec^--1^. The difference in the measured activity may be caused by the low number of exposed active sites as evidenced by the low double-layer capacitance of the Pt~7~Cu catalyst ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}f). The linear part of the Tafel slopes is extrapolated to an overpotential of 0 V to obtain the corresponding exchange current densities.^[@ref45]^ The exchange current density of the Pt~7~Cu catalyst was determined to be by 0.74 mA cm^--2^ by extrapolating the Tafel plots ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e). This value is close to that of the Pt/C catalyst at acidic conditions (0.92 mA cm^--2^), indicating high electrocatalytic activity of the Pt~7~Cu catalyst.

The turnover frequency (TOF), which is believed as the best figure-of-merit for a fair evaluation of different catalysts, was obtained from the polarization curve (details can be seen in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscatal.9b05539/suppl_file/cs9b05539_si_001.pdf)). The double-layer capacitance (*C*~dl~) were estimated from the cyclic voltammetry curves at different scan rates first. As displayed in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}f, the values *C*~dl~ are calculated to be 1.1 and 17.4 mF cm^--2^ for Pt~7~Cu and Pt/C catalysts, respectively. This suggests that the Pt/C commercial catalysts display more catalytically active sites in comparison to the Pt~7~Cu sample. The Pt~7~Cu catalyst achieves a TOF value of 6.14 S^--1^ at an overpotential of 100 mV. This value is larger than that of the benchmark noble metal or transition-metal based catalysts as displayed in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}g, indicating that the Pt~7~Cu catalyst has an high intrinsic catalytic activity, which is consistent with the prediction based on the PBP theory.^[@ref46]−[@ref49]^

Conclusions {#sec3}
===========

In summary, with the proposed parameter PBP, we systematically studied the bulk intrinsic effect for the electronic structure of transition-metal HER catalysts. It was found that the PBP and the exchange current for HER has a linear relation after taking the symmetry constraint into consideration. For a given crystal structure, the effect of extrinsic contribution was very similar to the catalysts with the same group and varied significantly with the catalysts with different groups. The analysis of the PBC of neighboring elements with the same space group illustrated the importance of the Fermi level location, which agrees with the previous d-band center and work function models. Meanwhile, the spin--orbit coupling and atom diameters are also important parameters that influence the intrinsic bulk contributions.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acscatal.9b05539](https://pubs.acs.org/doi/10.1021/acscatal.9b05539?goto=supporting-info).Details about materials synthesis, electrocatalytic characterization; electrochemical active surface area and TOF calculation estimation; and analysis of exchange current density and work function data linear fitting ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscatal.9b05539/suppl_file/cs9b05539_si_001.pdf))
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